engineered particles and capsules [1] represent a particular class of materials that have received widespread interest, [2] as they can be prepared with different sizes, [2] [3] [4] shapes, [4] and mechanical strengths. [5] These particles and capsules have also been examined for application in drug and vaccine delivery because they can be engineered to exhibit stealth, [6] targeting, [7] and stimuli-responsive properties. [8] Despite the progress made in this field of research, the sequential layering process used to assemble the polymer multilayers on the precursor particles is often labor intensive and time consuming. A number of studies have focused on streamlining LbL assembly on templates by utilizing filters or microfluidic devices. [9] However, these systems remain limited, as they do not offer the broad versatility inherent to conventional LbL assembly with regard to the choice of template particle size and exploitation of different polymer interactions. Further, issues arise from filter composition, pore size, channel width and recovery method, which lead to engineering challenges such as membrane caking, channel clogging, or a low-throughput of capsules. Recently, we Submitted to 2 introduced the concept of immobilizing template particles in agarose gels for the rapid and versatile layering of particles using electrophoretic polymer assembly (EPA).
[10] Although EPA is useful for preparing a range of LbL-assembled capsules with useful material properties, uncharged polymers remain difficult to electrophorese, thus limiting the full range of materials and functionalities inherent to conventional LbL assembly.
Herein, we introduce an approach to prepare polymer capsules based on layering on immobilized particle templates that retains the inherent benefits of conventional LbL assembly, is applicable to uncharged polymers, allows parallel layering of different particles and/or polymers, and is easily automatable. Immobilizing sacrificial particles in a gel essentially permits the complexity of layering on three-dimensional substrates to be treated as a two-dimensional, planar scenario. Therefore, immersive polymer assembly (IPA) on immobilized particles can use standard, planar dip-layering protocols [11] with little modification. Similar to LbL assembly on planar substrates, immersing the immobilized particles in polymer solution results in polymer assembly on the particle surface. After recovering the layered particles from agarose and subsequently removing the template particles, stable capsules of different diameters are obtained (Scheme 1). Furthermore, IPA can be used with a StratoSequence robotic dipper (Nanostrata Inc.) for automated LbL assembly. [11c, d] The biologically derived polysaccharide, agarose, was used as an immobilizing gel because the pore size is highly heterogeneous, on the order of 100 nm, and because polymers are capable of diffusing through the large agarose fibers, which are roughly 50-100 nm in diameter. [12] However, rhodamine isothiocyanate (RITC) labeling of the agarose shows that there is also a larger pore size population with a range of 1-10 µm ( Figure S1 ). These pores have historically been conducive to the separation of biomolecules utilizing an electric current, but they also allow for polymers and other materials to passively diffuse through the gel without significant caking. [13] Furthermore, agarose is compatible with many buffers and stable over a wide pH range (2-14). [13a, c] Because LbL-capsules are of biomedical interest, it is important to note that agarose is biologically compatible, commonly used in medical research, [14] and acts as an edible framework for many Asian desserts. Further, agarose can be melted with heat, which allows the coated template particles to be recovered by centrifugation at a yield of approximately 80%.
[10]
Differential interference contrast (DIC) microscopy and flow cytometry experiments showed that the template silica (SiO 2 ) particles were well dispersed both upon immobilization in agarose and after subsequent recovery from agarose ( Figures S2 and S3 ). The first experiments were performed manually and LbL buildup via IPA was studied with electrostatically coupled polymers, namely fluorescein isothiocyanate (FITC)-conjugated poly(allylamine hydrochloride) (PAH) and sodium poly(styrene sulfonate) (PSS). Three manual washing steps between each layer proved adequate to remove excess polymer ( Figure   S4 ). After the deposition of each PAH/PSS bilayer, the coated particles were recovered by melting the agarose (~65° C) and their fluorescence intensity was assessed using flow cytometry. (Lower melting point agarose (~35° C) can also be used as the immobilizing gel.)
A linear increase in fluorescence was observed for the deposition of four bilayers of PAH/PSS, which were layered in 0.5 M NaCl solution at pH 7 (Figure 1 ), suggesting uniform layer buildup. IPA was also performed on smaller template SiO 2 particles, i.e., 1.11 µm and 585 nm diameter particles. After recovering the coated particles from agarose and subsequently removing the template particles, stable capsules of different diameters were observed by fluorescence microscopy (Figure 1 (i)-(iii)). The capsules prepared from particles layered in agarose do not retain any detectable residual agarose after recovery and core dissolution (as assessed by Fourier transform infrared spectroscopy; data not shown), which is in agreement with our previous observation on capsules prepared via EPA.
[10] Atomic force microscopy (AFM) experiments revealed that the shell thickness of the capsules was just under 5 nm, or ~1.25 nm per bilayer ( Figure S5 ), which is approximately half of the thickness of PAH/PSS capsules prepared using conventional LbL assembly (centrifuge/wash). [15] This difference is likely due to the hindered diffusion of polymers in the IPA approach, leading to thinner layers.
Holes that could arise from contact points between the agarose and the templates were not visible by AFM; however the measurements were carried out in a dry state, which could make such observations difficult. To further investigate if the immobilization and recovery process left holes in the films, super-resolution optical microscopy was used to image coreshell particles in liquid. Structured illumination microscopy (SIM), [16] with a resolution of ~125 nm for green fluorophores, did not show any apparent holes in the films ( Figure S6 ).
This suggests that if contact points exist, they would less than ~125 nm and therefore restricted to the diameter of a single agarose fiber, which is estimated to be 50-100 nm for 1% gels.
[12b] Therefore, FITC-labeled dextrans with diameters of gyration roughly 15, 45, and 90 nm for 70 kDa, 500 kDa, and 2MDa, respectively, were used to monitor the permeability of IPA capsules using confocal laser scanning microscopy (CLSM).
[17] Interestingly, it was observed that the IPA capsules were less permeable than capsules prepared by conventional LbL assembly. Over 90% of conventional LbL capsules were permeable to 2MDa FITCdextran, while only 25% of the IPA capsules were permeable to this size of dextran ( Figure   S7 ). Further, 50% of IPA capsules were permeable to 500 kDa FITC-dextran and nearly 75% Figure   2a(i,ii) , 2b(i,ii)), and both were degradable under reducing conditions due to the stabilizing disulfide bridges, which is in agreement with similar capsules prepared using conventional LbL assembly. [8a, c] We automated the IPA process using a StratoSequence robotic dipper modified with a custom-made gel-holding basket. Multiple gels were loaded and unloaded from the basket, and the gel holding basket was attached to the robotic-dipper. The instrument was computer controlled, and run with a slightly altered dip layering protocol. [11c, d] Four bilayer PAH/PSS capsules, and separately four layer, single-component PMA SH capsules, were prepared using the robotic dipper (Figure 3) . Three separate blocks of gel were loaded into the gel-holding basket to test the suitability of IPA for parallel processing. Each gel contained different sized immobilized template particles, which produced template particle-sized PMA SH capsules after automated IPA (Figure 3a-c Milli-Q and pH adjusted with sodium hydroxide (1 M) or hydrochloric acid (1 M) accordingly.
Sodium chloride at pH 7 (0.5 M), sodium acetate at pH 4 (50 mM), and phosphate buffered saline (20 mM) (PBS) were used.
Gel Preparation of Agarose Containing Silica Particles:
A 1% agarose gel was prepared by weighing out agarose powder and adding a corresponding volume of buffer. 50 µL of SiO 2 particles (50 mg mL -1 ) of the desired diameter was added for each 1.5 mL of 1% gel solution.
While liquid, this solution was cast into the desired shape and left to cool.
Sample Recovery: The agarose-containing layered particles were heated until dissolved, and the resultant solution was centrifuged at 37 °C at 800 g for 60 s to pellet the particles. The supernatant was removed and discarded and the particles were washed three more times and suspended in buffer to remove excess agarose. Fluorescence intensity buildup of PVP-AF488/PMA SH on 2.59 µm-diameter SiO 2 particles.
Odd layer numbers correspond to PVP-AF488 layers and even layer numbers to PMA SH .
Inset: DIC images of PMA SH capsules prepared on 4.99 µm-diameter SiO 2 particles at i) pH 4
and ii) pH 7.4. All scale bars are 5 µm.
